Lack of knowledge of the rate of proton capture on radioactive 30 P is the most prominent nuclear physics uncertainty in models of oxygen neon (ONe) nova explosions [1, 2] . Such novae originate from stellar binary systems where hydrogen-rich material accretes from a less evolved partner star onto a ONe white dwarf. After typically 100,000s years of accretion, a thermonuclear runaway occurs that terminates with the ejection of material in the nova explosion [3] [4] [5] [6] . Elements up to Ca are observed in the ejecta through spectroscopic observations with infrared and ultraviolet telescopes [7, 8] . Theoretical models demonstrate that these elements are produced by a sequence of beta decays and proton captures, and that the rate of proton capture on unstable, neutron deficient 30 P plays a key role in determining the synthesis of elements in the Si-Ca range [2] . The production of these elements is particularly sensi- tive to the peak temperature achieved in the explosion, and with a well-defined 30 P(p, γ ) 31 S rate, their observed quantities could be used as a thermometer to guide astrophysical models [9] . This reaction rate is also critically important for understanding the large 30 Si/ 28 Si isotopic abundance ratios found in presolar grains from primitive meteorites, used to classify these grains as originating from a single nova event [10, 11] . A direct measurement of the 30 P(p, γ ) 31 S reaction is not currently feasible owing to the low available intensities of radioactive 30 P ion beams at the energies of astrophysical interest. Most recent experimental work (see, e.g. Refs. [12] [13] [14] [15] ) has concentrated on characterizing the energies, spins and parities of states in the Gamow burning window of the compound nucleus 31 S that serve as resonances and determine the reaction rate. However, resonance strengths are essential to characterize the contribution of a resonance to the reaction rate. So far, these resonance strengths had to be taken from shell-model calculations. This introduces a large uncertainty in the reaction rate, especially as recent shellmodel calculations have shown that negative-parity states, which are calculated with less reliable model spaces compared to the positive parity sd-shell states, contribute significantly to the astrophysical reaction rate [16] . We present here the first experimental constraints on the resonance strengths in the 30 on the CD 2 target. Cross sections were obtained by subtracting the scaled background from the data on (CD 2 ) n target (the radiative capture cross section on protons is negligible at these energies).
Measured angle-integrated (d, n) cross-section values for states in 31 S above the proton threshold are shown in Table 1 . These are compared with theoretical cross-sections for single l-transfers computed within the finite-range adiabatic approximation model [23] , as described in Ref. [17] . Based on a previous study [24] , we estimate a theoretical uncertainty of about 30% in the cross-section calculations. This is typically the largest source of uncertainty in the derived experimental spectroscopic factors, C 2 S. Shell-model calculations of C 2 S values discussed in the text are based on the USDA Hamiltonian within the sd shell-model space [25] for positive-parity states, and on the WBP Hamiltonian, which includes a sd-pf Hamiltonian, for negative-parity states [26] . For the important 6327(2)-keV, 3/2 − level, at a resonance energy of 196 keV [12, 13] , we observe for the first time the direct to ground-state branch (see Fig. 1(b) ). Such a single transition would not have been observed in the study of Doherty et al. [12, 13] , which required γ −γ coincidences, and demonstrates the power of GRETINA for detecting high-energy γ -ray lines. In the work by Doherty et al., a 5078-keV transition was observed to the 3/2 + first excited state. This transition is not observed in the present study, and we can set an upper limit on the branch of 46%. For the analog level at 6496 keV in 31 P, the ground-state branch is found to be dominant with a branch of 68(9)% with the remaining intensity to 31 S. The excitation energies have been adopted from Refs. [13, 22] , and for the 6279.0(6) keV and 6390.2(7) keV states from Ref. [15] . The 6330(5) keV transition was observed for the first time. An uncertainty of 30% for the theoretical cross sections has been taken into account for C
S(d, n).
The relative γ -ray intensities are given in curly brackets for states with more than one transition observed. Observed transition energies E γ are from this work. The resonance strengths ωγ used for the astrophysical reaction rate calculations are given in the last column (see text for details). Two previously observed γ -ray transitions [12, 13] from the 9/2 − state at 6377 keV were observed in the present experiment. This was the most intensely produced state above the proton threshold. Shell-model calculations predicted the largest spectroscopic factor for this state C 2 S(l = 3) = 0.39 [16] . The value obtained here of 0.051 (17) , is lower than this calculation but nonetheless represents a relatively high value for high excitation energy states. Negative-parity states can have a relatively high single-particle strength compared to positive-parity states around the same excitation energy in sd-shell nuclei [16] (a recent similar example was found for a strong resonance in the 26 Al(p, γ ) 27 Si reaction [28] ). In this case, the 9/2 − state will not strongly influence the 30 P(p, γ ) 31 S reaction rate due to the high l-value.
The second largest cross section in Table 1 is associated with the state at 6159 keV with two γ -decay branches. The strongest branch is to the lowest-lying 7/2 − state (this branch was also seen by Doherty et al. [12, 13] ). In the mirror nucleus 31 P, such a strong transition to the 7/2 − state is only observed from the 7/2 (−) state at 6399 keV [22] , which has subsidiary transitions to the 5/2
(observed in the present study of 31 S) and 5/2 + 2 (observed in the study of Doherty et al. [12, 13] ). This strongly supports the assignment of the 6159-keV state as the analog of the 6399-keV level in 31 P. Shell-model calculations predict a 7/2 − state that has a strong C The 6392-keV state [12, 13] , corresponds to a resonance energy of 262 keV. The cross-section in Table 1 is based on the 5143-keV transition to the 3/2 + first excited state previously observed by Doherty et al. [12, 13] . The 5143-keV transition is strongly present in the spectrum of Fig. 1(b) , and no other transitions are found from the 6392-keV level, indicating it is the dominant decay branch. The angular distribution and R DC O data from Doherty et al. [12, 13] , and analysis of light-ion transfer-reaction studies [29] , indicate a 5/2 + assignment for this state. The spectroscopic factor obtained in this work, C 2 S(l = 2) = 7(3) × 10 −3 , is in a reasonable agreement with the shell-model value, C 2 S(l = 2) = 3.2 × 10 −3 [16] .
It is important to note the existence of a neighboring 3/2 + state at 6390 keV observed following the β-decay of 31 Cl [15] . The dominant γ -decay transition from the 6390-keV state to the 5/2 + state at 2234 keV [15] is not observed in the present data, and we can only set an upper limit for its production cross section. The relatively high upper limit on C 2 S(l = 0) is consistent with the theoretical prediction of C 2 S(l = 0) = 0.007 [15] . The resonance strength used to calculate the reaction rate contribution in Fig. 2 is taken from this theoretical calculation, ωγ = 24 μeV [15] . From the measured γ -decay branches reported in Ref. [15] , we can deduce that the unresolved 5141.7-keV transition from the 6390-keV state has a negligible contribution to the 5143-keV transition from the 6392 keV state.
No γ -transitions from a state at 6357 keV, assigned as 5/2 − based on γ -ray angular distribution and R DC O data [12, 13] , were observed. This state was not populated via β-decay [15] which is consistent with negative parity. Shell-model calculations predict the existence of 5/2 − states in this energy region with comparable l = 1 and l = 3 contributions, but with weaker absolute values than predicted for the other negative-parity states discussed above, consistent with non-observation in this work. Therefore, the C 2 S(l = 1) value in Table 1 should be treated as an upper limit.
An important result is that the three states with the strongest single-particle strengths are all negative-parity states, and correspond to those predicted by shell-model calculations to have the largest C 2 S values. However, the absolute values are systematically an order of magnitude lower than predicted. The shell-model Hamiltonian for the negative-parity states has been constrained to reproduce the energies of the well known 3/2 − states in 29 Si and 29 P. These are observed with a spectroscopic strength of C 2 S ≈ 0.6 in agreement with the calculated value of 0.7. The total strength to all 3/2 − states is 1.0 since the 1p 3/2 orbit is empty in the model ground state of 28 Si. The same total strength of 1.0 is expected for 31 S, but the strength is fragmented due to the couplings to the low-lying states in the odd-odd nuclei of 30 P (5 states below 2 MeV). A fraction (0.25) of the strength is predicted for the 3/2 − state associated with the one observed in this experiment. The experimental strength observed is only 0.023. This means that most of the 0p 3/2 strength must be located above about 6.7 MeV where the proton decays start to dominate over the gamma decays observed in this experiment. This is the first test of this Hamiltonian for the 0p 3/2 strength distribution in this complex situation. Fig. 2 shows the reaction rate for the novae burning temperature regime and a comparison with rates calculated with the shell model and statistical model [30, 31] . The reaction rate for T ≈ 0.10-0.17 GK is predicted to be dominated by the 3/2 − , 196-keV resonance determined in this work. The new recommended reaction rate is significantly smaller than the shell-model rate [16] at low temperatures due to the much weaker 196 keV resonance (see Fig. 2 ). In the higher temperature region, the 260-keV, 3/2 + resonance may dominate the reaction rate, however, its strength is currently relying on theoretical calculations. We note that a state has been reported at an excitation energy of 6402 keV corresponding to a resonance energy of 271 keV [32] . However, there is no definitive information on its spin/parity, nor are any γ -ray transitions known from this state, so we have not included this in the reaction rate plot. A recent re-analysis of light-ion transfer data [29] has conclusively shown the state at 6542 keV, corresponding to a resonance energy of 411 keV, has a minimum spin of 7/2, and thus will only have a modest influence on the reaction rate. We assume 7/2 + for the assignment here, consistent with the observation of a γ -decay branch to a 3/2 + state [12, 13] . Finally, we note that the shell-model calculations [16, 33] have predicted the existence of a 1/2 − state that may reside in the energy region relevant for nova burning. However, its location is uncertain and there is presently no firm experimental evidence for such a state.
To demonstrate the potential importance of our results for predictions of the composition of nova ejecta, we performed new hydrodynamic simulations of nova explosions with SHIVA [6, 34] a 1D, implicit, Lagrangian code used extensively in the modeling of stellar explosions. A series of models of nova outbursts with an Fig. 3. (Color online.) (a) Abundances in nova ejecta calculated using the reaction rate from this work, the shell-model rate from Ref. [16] accreting 1.35-solar-mass ONe white dwarf have been computed from the early accretion stage through the explosion, expansion and ejection stages. These models were identical except for the 30 P(p, γ ) rate adopted. Fig. 3 shows how the reaction rate determined in this work, which includes the first experimental resonance strength value for the 196 keV resonance, propagates into the predictions of the composition of the nova ejecta. For comparison, similar calculations performed with the shell-model [16] and statistical-model [31] reaction rates are included. With the reaction rate determined in this work, more 30 Si is produced in novae whereas the amount of heavier elements is reduced up to 39 K.
In summary, we report the first experimental information on key resonance strengths in the 30 P(p, γ ) 31 S reaction. Using a new experimental approach, we find that the spectroscopic factors are typically an order of magnitude lower than shell-model calculations predict for negative-parity states. This underlines the need for experimental data on resonance strengths for proton capture rates in this region. One resonance at 196 keV has been found to dominate the rate in the temperature region T ≈ 0.10-0.17 GK for nova explosions, however, its importance at higher temperatures depends on the strength of the 3/2 + state which is currently based on shell-model calculations and should be experimentally constrained in the future. The nova explosion simulations show that the main effect of the present results on the composition of nova ejecta is an increase in the abundance of 30 Si critical for determining the 30 Si/ 28 Si ratio. The overall uncertainty on the 30 P(p, γ ) 31 S reaction rate has been reduced, thereby placing nova nucleosynthesis predictions on a firmer basis. 
